The plasmoid-induced-reconnection model explaining solar flares based on bursty reconnection produced by an ejecting plasmoid suggests a possible relation between the ejection velocity of a plasmoid and the rate of magnetic reconnection. In this study, we focus on the quantitative description of this relation. We performed magnetohydrodynamic (MHD) simulations of solar flares by changing the values of resistivity and the plasmoid velocity. The plasmoid velocity has been changed by applying an additional force to the plasmoid to see how the plasmoid velocity affects the reconnection rate. An important result is that the reconnection rate has a positive correlation with the plasmoid velocity, which is consistent with the plasmoid-induced-reconnection model for solar flares. We also discuss an observational result supporting this positive correlation.
Introduction
Magnetic reconnection is a process in which the magnetic energy is converted into the kinetic and thermal energy (Sweet 1958; Parker 1963; Petschek 1964) , and it has been widely believed to play a fundamental role in causing solar flares. A model for flares based on magnetic reconnection has been developed since 1960s by Carmichael (1964) , Sturrock (1966) , Hirayama (1974) , and Kopp & Pneuman (1976) , so this model has been called the CSHKP model. The observations supporting this model has been reported, such as cusps (Tsuneta et al. 1992a) , arcades (Tsuneta et al. 1992b; McAllister et al. 1992; Isobe et al. 2002) , loop top hard X-ray (HXR) sources (Masuda et al. 1994; Sui & Holman 2003) , X-ray jets Shimojo et al. 1996) , and so on. Furthermore Yohkoh (Ogawara et al. 1991 ) discovered the common property of flares with different appearances, such as Long Duration Events (LDE flares) and impulsive flares (see Shibata 1999 and Aschwanden 2002 for review).
So far the dynamic process caused by magnetic reconnection in flares has been widely studied by MHD simulations (e.g. Forbes & Priest 1983; Forbes 1990; Forbes & Malherbe 1991; Magara et al. 1996; Ugai 1996; Lin & Forbes 2000; Yokoyama & Shibata 2001) . Most of these works have been focused on MHD processes producing apparent features of flares such as cusp shaped loops, ejecting plasmoid (blob of plasma), inflows and loop-top HXR sources. However, these works have not clearly explained the fundamental physical process, that is what determines the energy release rate in flares. This question is related to the rate of magnetic reconnection, so to identify the condition under which fast magnetic reconnection (Ugai & Tsuda 1977) operates is important.
Observationally, solar flares are often associated with plasmoid ejections. Shibata et al. (1995) found that 8 impulsive flares on the limb (Masuda-type; Masuda et al. 1995) were associated with plasmoid ejections. Ohyama & Shibata (1997 carefully analyzed plasmoid ejections in impulsive flares and found that plasmoids undergo strong acceleration during the impulsive phase of these flares. Sakajiri et al. (2004) found the tiny tworibbon flare driven by emerging flux accompanying the miniature filament eruption (=plas-moid). This feature was also found in other observations (Zhang et al. 2001; Takasaki et al. 2004; Sterling & Moore 2005) and numerical simulations (Magara et al. 1997) . It is also found that there is a positive correlation between the plasmoid velocity and the reconnection rate Qiu & Yurchyshyn 2005; Shimizu et al. 2008 ). There are other literatures discussing this topic (Nitta & Akiyama 1999; Forbes 2000; Klimchuk 2001; Priest & Forbes 2002; Lin et al. 2003; Kim et al. 2005) . Lin & Forbes (2000) derived an analytic relation between the acceleration of coronal mass ejections (CMEs) and reconnection rate.
The observations above show an important suggestion that plasmoid ejection plays a key role in causing fast magnetic reconnection. Based on these observational results, Shibata (1996 Shibata ( , 1997 extended the classical CSHKP model and proposed the plasmoidinduced reconnection model. In this model, a plasmoid (or flux rope in a 3D situation) is created in the anti-parallel magnetic field by the magnetic reconnection (Figure 1a, b, c) . Then the plasmoid situates in a current sheet inhibits inflows into the sheet, so reconnection is inefficient and magnetic energy is stored (Figure 1d ). Then the plasmoid starts to move at the velocity v plasmoid , inflows toward the X-point (v inf low ) are induced following mass conservation and reconnection starts (Figure 1e ). If we assume the incompressibility, the mass flux into the reconnection region is given by ∼ v inf low L inf low and the mass flux ejected by the plasmoid is ∼ v plasmoid W plasmoid , and these are balanced, where W plasmoid is the typical width of the plasmoid, and L inf low (≥ W plasmoid ) is the typical length of the inflow region. Consequently the induced inflow speed can be estimated as follows:
Since the reconnection rate is determined by the speed of the inflows, fast reconnection becomes possible when plasmoid ejection is fast. Moreover the jet from a reconnection point accelerate the plasmoid 1 , so the fast reconnection further drives fast plasmoid ejection. This suggests a positive correlation between the plasmoid velocity and the reconnection rate. The merit of this model is to provide us with a unified view for understanding various types of flares with different spatial sizes and timescales, and it can naturally cause fast reconnection (Priest & Forbes 1986 ) in a current sheet where many plasmoids with different sizes are created by tearing instability (Kliem et al. 2000; Shibata & Tanuma 2001; Karlický 2004 ).
So far there have been no MHD simulations performed to examine the plasmoid-inducedreconnection model, which should reproduce the correlation between the plasmoid velocity and the reconnection rate. In this study, we performed a series of these MHD simulations by changing the parameters related to resistivity and plasmoid velocity to investigate the relation between these two quantities.
The model and the numerical method are described in section 2, and the numerical results are presented in section 3. The discussion is given in section 4 and the conclusions are given in section 5. 
Numerical Method and Model

Numerical Method
We performed simulations with a multistep implicit scheme (Hu 1989) in order to solve the 2.5-dimensional time-dependent resistive MHD equations in the Cartesian coordinates (x, y, z) where y is directed upward:
where p is the gas pressure, B = ∇ × (ψê z ) + (0, 0, B z ) is the magnetic field (ψ is the magnetic flux function), j = ∇ × B is the current density, η is the resistivity, and F is an additional force which is introduced in section 2.4. The seven independent variables are the plasma density (ρ), temperature (T ), velocity (v x , v y , v z ), magnetic flux function (ψ), and perpendicular component of magnetic field (B z ).
The units of length, density and temperature are L 0 = 1 × 10 9 cm, ρ 0 = 1.6 × 10 −15 g cm −3 (i.e., n 0 = 1 × 10 9 cm −3 ), and T 0 = 1 × 10 6 K, respectively. Velocity is normalized by
where k B is Boltzmann constant and m H is the mass of a hydrogen atom.
The parameter β 0 is the typical ratio of gas to magnetic pressures in the lower corona above an active region. β 0 is chosen to be 0.01 measured at (x, y) = (0, 0.12) (magnetic configuration is described in section 2.2), and then the unit of magnetic field strength is
The unit of time is given by τ A0 = L 0 /v A0 , where v A0 is the Alfvén velocity (v A0 = B 0 / √ 4πρ 0 = 1818 km s −1 ) and τ A0 = 5.5 s. The resistivity (η) is described in section 2.3.
The size of the simulation box is −8 ≤ x ≤ 8 in the horizontal direction and 0 ≤ y ≤ 15 in the vertical direction. The domain is divided by 201×601 grid points, which are uniformly distributed in the y-direction while they are not distributed uniformly in the x-direction. The grid spacing ∆x ranges from 6.46 × 10 −3 to 3.14 × 10 −1 with the finest interval around x = 0. At the bottom of the simulation box is applied a line-tying boundary condition where all quantities except T are fixed; T is determined by extrapolation. At the other three boundaries is applied an open boundary condition.
Initial Condition
We assumed an octapolar magnetic configuration as the initial condition ( Figure 2 ). Our model is based on the model of Chen & Shibata (2000) and Shiota et al. (2005) that assumes a quadrupolar configuration. We added two dipole fields to this model, in order to control the magnetic flux in the inflow region, duration and released energy of a flare. Short durations are the feature of impulsive flares.
To get the magnetic configuration with a detached plasmoid (or a flux rope in 3D situation) and two side loops, our initial state consists of three separate groups of currents in a two-dimensional Cartesian plane: line current placed at the point (0, h) with finite radius r 0 , its image current below the photosphere, and a background octapolar potential field produced by eight line currents below the photosphere, i.e., at eight positions (±0.1, −0.3), (±0.6, −0.3), (±2.0, −0.3), and (±2.5, −0.3), with the direction being "+, positive z", "−, negative z", "−', "+", "+", "−", "−", and "+" in sequence. Then, the initial magnetic configuration is expressed as
where the background field (ψ b ) and the magnetic components of the image current (ψ i ) and of the line current (ψ l ) have the following forms: Gray scale shows the plasma beta, which is the ratio of gas pressure to magnetic pressure.
where r = x 2 + (y − h) 2 is the distance from the center of the plasmoid, h is the height of the plasmoid and r 0 is the radius of the plasmoid, which determine the configuration of magnetic field. In this study, we set h = 1.0 and r 0 = 0.2.
The coefficients c 1 , c 2 , c 3 and c 4 in the equations (9), (10) and (11) control the strength of the magnetic field. When the radius of the plasmoid, r 0 , is small enough compared to the height of the plasmoid, h, equilibrium solutions are analytically given by Lin & van Ballegooijen (2005) . However, it is difficult to determine the coefficients analytically in our model, because the plasmoid is in the complex background magnetic field and r 0 is not too small. Therefore we determine the coefficients, c 1 , c 2 , c 3 , and c 4 , by trial and error in order to make the plasmoid center keep roughly stable and move much slowly compared to a rapid motion driven by reconnection. In this study, we set the coefficients as c 1 = 2, c 2 = 2, c 3 = 6 and c 4 = 2.4.
The physical meaning is as follows. If we remove the plasmoid, the magnetic field configuration are potential octapolar field, produced by the eight line currents, ψ b , and the image current below the photosphere, ψ i . The configuration makes a null point, which is saddle of potential above the photosphere. If we place a plasmoid with zero radius at the null point, then the plasmoid does not begin to move itself without any perturbation.
Although it is difficult to create a state of equilibrium when a plasmoid has a finite radius, this is not a major problem because the purpose of this study is not to investigate the trigger mechanism of a flare, but to focus on the physical processes working after magnetic reconnection starts.
To satisfy the force balance within the plasmoid, a perpendicular magnetic component (i.e., B z ) is introduced inside the plasmoid:
Other quantities are set to be uniform; (ρ, T, v x , v y , v z ) = (1.0, 1.0, 0.0, 0.0, 0.0).
Resistivity
The resistivity, η, is assumed as an anomalous resistivity:
where v d ≡ |j z |/ρ is the (relative ion-electron) drift velocity, and v c is the critical velocity.
Here we assumed v c = 0.5. The anomalous resistivity begins to work when the drift velocity exceeds the critical velocity, otherwise there is no resistivity, only small numerical resistivity remains. It is known that the anomalous resistivity may be caused by plasma instabilities (Coppi & Friedland 1971) , and localized resistivity triggers fast reconnection (Ugai & Tsuda 1977) . We assumed that η 0 is a free parameter (see Table 1 ). We simulated with various η 0 in order to change the reconnection rate (case A). Therefore we can examine how the reconnection rate influences the plasmoid velocity. We also set the resistivity to be zero in order to prevent magnetic reconnection and investigated the role of reconnection in plasmoid ejection (case C).
Additional Force
Considering the plasmoid-induced-reconnection model (Shibata 1996 (Shibata , 1997 , we can expect that there is a positive correlation between the plasmoid velocity and reconnection rate. To see this, we changed the vertical velocity of the plasmoid by using the vertical additional force that acts only inside the plasmoid (or a flux rope in a 3D situation) in case B. There is no additional force in case A and case C. The additional force is introduced as a virtual force in order to change the plasmoid velocity and see how it relates to the 2 In the present study we do not focus on the role of the additional force in triggering a flare, rather we investigate how the force affects the evolution following the onset of a flare. In fact, even if there is no additional force applied to the initial state, the plasmoid begins to move upward due to the non-equilibrium of the initial state. The additional force F in equation (3) is defined as follows:
where F 0 = 0.271ρ 0 L 0 /C s , and F y is given in Table 1 . Note that the value of F y is also set to be negative, which means that the direction of additional force is downward and it decelerates the plasmoid.
Results
In this section, we introduce the typical result from case A. Figures 3 and 4 show the magnetic field distribution on x-y plane and Figure 5 shows the temporal variation of physical values in case A with η 0 = 0.002, which is called the standard case here after. Because of the non-equilibrium of the initial state, the plasmoid begins to move upward a little in 0 < t < 5 in Figure 5c , 7, 8b, 9c (i.e. melon-seed effect). After that the plasmoid starts to be accelerated when the reconnection starts until t ∼ 15. The rising plasmoid causes the inflow of magnetized plasma into the magnetic null point (X-point). Magnetic field lines at both sides of the null point are carried into the point, and a current sheet is formed near the X-point. The drift velocity inside the current sheet then increases quickly by the inflow in 2 < t < 5 (Figure 5a ). When the condition of equation (13) is satisfied, anomalous resistivity sets in and fast reconnection occurs (Figure 5b ). This accompanies Y-shape and inverted Y-shape slow shocks at both ends of the current sheet (Figure 6 ), which is one of the features of Petschek-type reconnection (Petschek 1964 ). The plasmoid is accelerated rapidly in 5 < t < 15 (Figure 5c ). This result is consistent with observations (Ohyama & Shibata 1997 Takasaki et al. 2004; Zhang et al. 2001; Sterling & Moore 2005 ) and a simulation (Magara et al. 1997) . However the plasmoid is decelerated gradually during 15 < t < 40, although reconnection jets push the bottom of the plasmoid (the white line in Figure 7c ). This deceleration is mainly due to gas pressure, since the plasma beta above the plasmoid is high (see plasma beta distribution in Figure 2 ). The rising plasmoid induces a strong inflow into the X-point in 5 < t < 40 (Figure 5d) , and consequently the reconnection rate grows up. Here we define the reconnection rate as flux canceling speed i.e. dψ/dt(= ηj) at the X-point. Figure 7 shows the time evolution of pressure and vertical velocity at x = 0. The bipolar jets from X-point are created by reconnection. The velocity of the upward jet reaches up to the local Alfvén velocity. The jets created a fast-mode shock when colliding with the magnetic loop and the plasmoid. The upper fast shock is weaker than the lower one, because the relative speed between the reconnection jet and preexisted plasma is smaller. The lower fast-mode shock (termination fast shock) may be observed as a loop top hard X-ray (HXR) source (Masuda et al. 1994) . The termination fast shock is rising as the magnetic loop develops due to the piling-up of reconnected field. Figure 8 shows time variation of the reconnection rate and the plasmoid velocity in case A with different values of η 0 . The reconnection rate and the plasmoid velocity are enhanced as η 0 grows. The reconnection rate seems to be proportional to log(η) except η 0 = 0.2, but a careful analysis with wider parameter survey is needed for a final conclusion.
The time variations of the reconnection rate, the energy release rate, and the plasmoid velocity are shown in Figure 9 , when we changed the plasmoid velocity due to the additional force (case B). An interesting point suggested by this figure is that the plasmoid velocity changes significantly when the additional force is applied, but the reconnection rate does not. On the other hand, the energy release rate (B 2 inf low /4π × v inf low L inf low near the current sheet) is changed significantly, because the length of the current sheet (L inf low ) is changed by the position of the plasmoid. Figure 8c and Figure 9d show the correlation between the reconnection rate and the plasmoid velocity measured when the reconnection rate becomes the maximum. A positive correlation is found between the reconnection rate and the plasmoid velocity in case A (Figure 8c ). But in case B, there is no strong correlation between the reconnection rate and the plasmoid velocity (Figure 9d ). Figure 10 shows the magnetic field and velocity field in the case of no resistivity (case C, η 0 = 0). The plasmoid begins to move upward slightly without reconnection, due to the non-equilibrium of the initial state (Figure 10a ). The rising plasmoid pulls up the magnetic field and stretches the current sheet, but reconnection does not start due to the lack of the resistivity. Therefore the plasmoid is still trapped by the closed magnetic field and stops rising (Figure 10c ). This result shows the importance of reconnection in plasmoid ejection. In fact, the reconnection based on numerical resistivity occurred in a later time, so the plasmoid began to move upward again (Figure 10d ).
Discussion
Now we shall discuss the comparison of the simulation results with observation. From soft X-ray observations of plasmoid ejections in compact impulsive flares, Shibata et al. (1995) and Shimizu et al. (2008) found that there is a positive correlation between the plasmoid velocity and the rise velocity of the post-flare loop. Qiu & Yurchyshyn (2005) also found a similar relation between the speed of coronal mass ejections (CMEs) and the reconnection rate. The rise velocity of the post-flare loop is proportional to the reconnection inflow speed, so this means that there is a positive correlation between the plasmoid velocity and the reconnection inflow speed. Narukage & Shibata (2006) discussed a correlation between CMEs speed and the inflow speed. This is actually obtained by the present result.
How is this result explained physically? In case A, when the resistivity increases, the reconnection rate (ηJ) increases. Since ηJ = v in B in steady state, this means that the inflow speed (v in ) increases. Accordingly, the reconnection jet speed (v out ) also increases when v in increases because the mass conservations hold, v in L in = v out W out , in the incompressible limit.
We also presented a physical explanation of how the plasmoid velocity is related to the enhancement of the resistivity in case B. In this case, we changed the plasmoid velocity by applying the additional force. We found weak dependence of the reconnection rate on the plasmoid velocity, on the contrary to the fact that the reconnection rate is supposed to be proportion to the plasmoid velocity because of mass conservation law. When the plasmoid velocity is larger, the plasmoid is accelerated farther from the X-point. When the plasmoid is situated far from the X-point, the plasmoid motion induces inflows only into the slow shock region near the plasmoid, but not into the X-point (Figure 11 ). The dependence of reconnection rate on the plasmoid velocity is small. However the length of the slow shock increases when the plasmoid velocity is larger, so that energy release rate increases ( Figure  9b ).
On the other hand there is a possibility that the positive correlation between the plasmoid velocity and the reconnection inflow speed holds in the initial phase, during which inflows will directly come into X-point. To examine the initial phase is however difficult in our model, because the initial configuration of our model is not in equilibrium and we cannot measure small changes of the reconnection rate and inflow speed in the initial phase. We will try to perform simulations with the initial condition in equilibrium in future.
It should be mentioned that in our model (Figure 2 ), magnetic flux stored in the plas-moid is lost by the magnetic reconnection between the magnetic field overlying the plasmoid and magnetic flux stored in the plasmoid 4. Therefore, if the amount of the magnetic flux stored in the plasmoid is small, the plasmoid disappears and does not propagate to the higher corona. There is another role of the reconnection occurring above an ejecting plasmoid. If the reconnection does not occur at the top of the plasmoid, the plasmoid might be decelerated by magnetic tension force, while if the reconnection occurs, the plasmoid is not decelerated. However in this simulation the plasma beta is high above the plasmoid (see Figure 2 ), so the plasmoid is decelerated by gas pressure even if the reconnection occurs.
Conclusion
In this paper, we performed several MHD simulations to examine the basic physical relation between the plasmoid velocity and reconnection rate in the context of the plasmoidinduced-reconnection model for solar flares. The initial magnetic configuration, resistivity, and the additional force are parameters in these simulations. When we changed the amplitude of resistivity (case A), the reconnection rate and the plasmoid velocity changed, showing a positive correlation. We showed that the reconnection rate (i.e. inflow speed) and the plasmoid velocity are closely related to each other. This result is consistent with observations Qiu & Yurchyshyn 2005; Shimizu et al. 2008) supporting the plasmoid-induced-reconnection model of impulsive flares.
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A. An acceleration mechanism of a plasmoid
In this appendix, we examine an acceleration mechanism of a plasmoid semi-analytically. Let us consider the situation shown in Figure 12 . In this situation, a plasmoid can be accelerated by the momentum added by the reconnection jet and the magnetic pressure gradient force, and decelerated by the magnetic tension force. Here, the magnetic tension force can be neglected in the magnetic field configuration in Figure 12 , since there is almost no overlying closed field above the plasmoid. (Note that the gravitational force is neglected since there is no gravity in our simulations, and the gas pressure can also be neglected in the region around the initial plasmoid.) In this magnetic field configuration, the force provided by the reconnection jet is estimated as
where ρ is the mass density in the jet, v jet is the velocity of the jet, which is comparable with the local Alfvén velocity (v A ) in the inflow region, and w is the width of reconnection jet. The force exerted over the plasmoid due to is estimated as
where W is the spatial size of the plasmoid and H(> W ) is the spatial scale of the magnetic field. The ratio between these forces is as follows:
When M is greater than unity, the momentum provided by the reconnection jet is dominant. In this work, numerical simulation shows w/W ∼ 1/4, H/W ∼ 3/2 to 2 and M ∼ 1 so that the these forces are comparable. -Schematic illustration of an acceleration mechanism of a plasmoid. The magnetic field configuration is the result of the simulation at t = 20. H(> W ) is the spatial scale of the magnetic field, which can be consider as the distance between the inflow region and the top of the plasmoid where the magnetic pressure is low.
